The sirtuins are a phylogenetically conserved family of NAD + -dependent protein deacetylases that consume one molecule of NAD + for every deacetylated lysine side chain. Their requirement for NAD + potentially makes them prone to regulation by fluctuations in NAD + or biosynthesis intermediates, thus linking them to cellular metabolism. The Sir2 protein from Saccharomyces cerevisiae is the founding sirtuin family member and has been well characterized as a histone deacetylase that functions in transcriptional silencing of heterochromatin domains and as a pro-longevity factor for replicative life span (RLS), defined as the number of times a mother cell divides (buds) before senescing. Deleting SIR2 shortens RLS, while increased gene dosage causes extension. Furthermore, Sir2 has been implicated in mediating the beneficial effects of caloric restriction (CR) on life span, not only in yeast, but also in higher eukaryotes. While this paradigm has had its share of disagreements and debate, it has also helped rapidly drive the aging research field forward. S. cerevisiae has four additional sirtuins, Hst1, Hst2, Hst3, and Hst4. This review discusses the function of Sir2 and the Hst homologs in replicative aging and chronological aging, and also addresses how the sirtuins are regulated in response to environmental stresses such as CR.
Introduction
The sirtuins are a highly conserved group of NAD + -dependent protein deacetylases found in eukaryotes ranging from yeast to humans. Given their dependence on and sensitivity to the metabolite NAD + for their catalytic activity, and the variety of protein and genetic targets they have been found to regulate, sirtuins are in a unique position to translate different metabolic states into global cellular changes. Potential processes affected range from stress responses, energy metabolism, and longevity extension. The founding member of the sirtuin family, Sir2, was originally identified in Saccharomyces cerevisiae for its role in silencing at the cryptic mating-type loci, HML and HMR (Ivy et al., 1986; Rine & Herskowitz, 1987) , although at the time, nobody recognized that these proteins were deacetylases. Four additional Sir2 homologs were eventually identified from yeast (Hst1, Hst2, Hst3, and Hst4) through a combination of cloning and database searches (Brachmann et al., 1995; Derbyshire et al., 1996) . However, individual deletions of these genes did not cause loss of silencing at HML and HMR (Brachmann et al., 1995; Derbyshire et al., 1996) . Hst1 and Sir2 are paralogs derived from an ancient genome duplication that have functionally diverged, yet retained a certain level of redundancy (Hickman & Rusche, 2007) . For example, overexpression of HST1 was shown early on to partially suppress the silencing defect of a sir2 deletion in MATa cells (Brachmann et al., 1995) . Hst1 forms a complex with the DNA-binding protein Sum1 and represses transcription of specific genes involved in middle sporulation (Xie et al., 1999) , de novo NAD + biosynthesis (Bedalov et al., 2003) , and thiamine biosynthesis (Li et al., 2010) . Hst2 is the most mysterious yeast sirtuin and localizes primarily in the cytoplasm, although it likely shuttles into the nucleus, and has been implicated in the repression of subtelomeric genes (Halme et al., 2004) and negatively affects rDNA silencing (Perrod et al., 2001) . Hst3 and Hst4 together function as histone deacetylases specific for H3K56 that affect cell cycle progression and transcriptional silencing, and promote genome stability (Brachmann et al., 1995; Celic et al., 2006) . Over the last 13 years, since the discovery of NAD + -dependent deacetylation activity (Imai et al., 2000; Landry et al., 2000) , there has been tremendous interest in this protein family because of its potential for linking metabolism with multiple cellular processes. This review will focus on agingrelated functions of the sirtuins and ways they respond to different metabolic states of the cell and how this in turn regulates either yeast replicative or chronological life span (CLS). For a review of mammalian sirtuins and their effect on metabolism and life span, please refer to Houtkooper et al. (2012) .
Sir2 function in transcriptional silencing
For all eukaryotes, including S. cerevisiae, regulating chromatin structure both locally and globally is essential to controlling cellular processes through transcriptional activation and, more importantly in terms of the sirtuins, through transcriptional repression. Transcriptional repression can be highly localized and transient, such as at the promoters of specific genes, or more widespread across large regions of the genome that remain in a repressive and condensed state for extended periods. These latter domains tend to be heterochromatic and stable, sometimes even through multiple generations. In budding yeast, HML, HMR, and telomeres are generally considered to be the heterochromatin equivalents in this organism (Rusche et al., 2003) and are characterized by hypoacetylation of the N-terminal tails of histones H3 and H4 (Braunstein et al., 1993) . The repetitive ribosomal DNA (rDNA) in yeast also has characteristics of heterochromatin, including transcriptional silencing of Pol II transcription within the tandem array and suppression of homologous recombination between the repeats (Gottlieb & Esposito, 1989; Bryk et al., 1997; Fritze et al., 1997; Smith & Boeke, 1997) . The suppression of rDNA recombination plays a significant role in life span control Kaeberlein et al., 1999) , which will be discussed further below.
Sir2 functions in transcriptional silencing at HML, HMR, and telomeres as part of a multiprotein silencing factor known as the SIR holocomplex, which consists of Sir2, Sir3, and Sir4 (Moretti et al., 1994; Ghidelli et al., 2001) (Fig. 1 ). This complex is responsible for the establishment, spreading, and maintenance of silent chromatin across these heterochromatin-like domains (Hecht et al., 1996; Strahl-Bolsinger et al., 1997) . It was eventually determined that Sir2 was functioning in this complex as a histone deacetylase responsible for the histone hypoacetylation that was earlier shown to be required for silent chromatin conformation. Specifically, Sir2 deacetylates histones through an NAD + -driven reaction in which the cleavage of a molecule of NAD + into nicotinamide (NAM) and O-acetyl-ADP-ribose is coupled to deacetylation of a single lysine side chain (Imai et al., 2000; Landry et al., 2000; Tanny & Moazed, 2001) . The deacetylation activity of Sir2 and other sirtuins is strongly inhibited by NAM in vitro (Landry et al., 2000) , and growing yeast in culture with 5 mM NAM inhibits silencing at the rDNA, telomeres, and mating-type loci (Bitterman et al., 2002) .
At HML and HMR, the SIR complex is recruited to cis-acting sequences flanking the silent domains known as E and I silencers (Fig. 1a) . The silencer elements contain binding sites for Rap1, origin recognition complex (ORC), and Abf1, which together act as binding platforms for SIR (reviewed in Rusche et al., 2003) . Following the recruitment to silencers, the general model for yeast heterochromatin formation is that targeted Sir2 locally deacetylates an adjacent nucleosome on H3 and H4 tails (Fig. 1b) , which then promotes continual spreading of the SIR complex across the silenced domains in between the silencers (Hecht et al., 1996; Hoppe et al., 2002; Rusche et al., 2002) . Spreading outside the silencers is blocked by boundary/insulator elements, one of which is well defined as a tRNA Thr gene (Donze et al., 1999) . For telomeric silencing, Sir4 in complex with Sir2 is thought to initially be recruited through interactions with the Rap1 protein associated with terminal telomeric repeat sequences. This recruitment of Sir2/Sir4 then triggers histone deacetylation and spreading of telomeric chromatin, including Sir3 across subtelomeric regions (Hecht et al., 1996; Tanny & Moazed, 2001; Hoppe et al., 2002) , typically up to 1 or 2 kb. Multiple lysines on the histone tails are deacetylated in silent chromatin (Suka et al., 2001) . However, H4K16 is particularly important. It has a dual role in silencing such that the acetylated state recruits Sir2-4 and repels Sir3 (Fig. 1b) , but deacetylation of H4K16ac by Sir2 actively promotes high-affinity binding of the SIR holocomplex (Oppikofer et al., 2011) . The degree of spreading is controlled dynamically by the opposing histone acetylation activity of several HATs, most importantly Sas2 (Shia et al., 2005) .
Histone deacetylation by Sir2 is also essential for silencing at the rDNA repeats (Bryk et al., 1997; Smith & Boeke, 1997) ; however, it does not function at this location as part of the SIR complex. In early experiments, it was shown that although deleting other components of the Sir complex (Sir3 or Sir4) eliminated silencing at telomeres and the silent mating-type loci, silencing at the rDNA increased, implying that cofactors for silencing at the rDNA were distinct from other silent loci (Smith & Boeke, 1997; Smith et al., 1998) . These other cofactors were found to be Net1 and Cdc14, and together, they form the RENT complex ( Fig. 2a and b) , which is critical for formation of silent chromatin at the rDNA (Shou et al., 1999; Straight et al., 1999; Ghidelli et al., 2001) .
The RENT complex is recruited to the intergenic spacer through interactions with Fob1 at IGS1 and Pol I at the rDNA promoter in IGS2 (Huang & Moazed, 2003) (Fig. 2a) . Consequently, loss of Fob1 or Pol I causes severe rDNA silencing defects (Buck et al., 2002; Cioci et al., 2003; Huang & Moazed, 2003) . Furthermore, Sir2-dependent silencing extends downstream of rDNA repeats in the same direction as Pol I transcription (Buck et al., 2002) .
Fob1 also recruits Tof2 and the cohibin complex (Lrs4 and Csm1) to IGS1, where they act synergistically with RENT in silencing and suppressing rDNA recombination between the rDNA repeats, most likely by maintaining the repetitive rDNA genes within proper register to prevent unequal sister chromatid recombination (Huang et al., 2006; Chan et al., 2011) . Mechanistically, Sir2-dependent silencing of a noncoding Pol II-transcribed promoter (E-pro) within IGS1 is required for cohesin association with the IGS (Kobayashi & Ganley, 2005) . Transcription of this promoter in a sir2Δ mutant prevents cohesin association, thus allowing the rDNA genes on opposite sister chromatids to become misaligned and increasing the frequency of unequal exchange events. Cohibin association with nuclear envelope proteins may also assist in maintaining proper rDNA alignment (Chan et al., 2011) . This control of rDNA stability is one of the Sir2 activities that promotes replicative life span (RLS) and is described in the next section. 
Sir2 as a longevity factor
Aging can be modeled in S. cerevisiae in two ways: replicatively or chronologically. RLS is defined by the number of times a mother cell divides and produces a daughter before it senesces (Mortimer & Johnston, 1959) , and is traditionally measured using a micromanipulation procedure on agar plates where the buds are removed from mother cells after each division . CLS is the length of time that yeast cells survive in a postmitotic state (Werner-Washburne et al., 1993; Fabrizio et al., 2003) . For CLS studies, yeast are usually grown in rich or synthetic media to stationary phase and then either transferred to water or maintained in the original expired growth medium (MacLean et al., 2001; Fabrizio et al., 2005; Smith et al., 2007) . Aliquots are then taken every few days and the cells tested for viability by measuring either the proportion of cells capable of reentering the cell cycle and forming a colony when plated on fresh media plates, or by staining with fluorescent vital dyes such as FUN-1 (Fabrizio et al., 2003; Essary & Marshall, 2009 ). There has been some debate over which aging model is more relevant to aging in metazoans. It has been reported that the number of conserved genes that impact RLS and also impact the life span of Caenorhabditis elegans is higher than those involved in CLS (Burtner et al., 2011) . However, it has also been argued that chronological aging is the more relevant model given that the main nutrient signaling pathways affecting aging across eukaryotes affect CLS, and the majority of aging cells in higher eukaryotes exist in a postmitotic state (Parrella & Longo, 2010) . Given that replicative and CLS can both be extended by repressing the same nutrient sensing pathways (either genetically or environmentally) or by manipulating mitochondria function, the mechanisms that regulate these two forms of aging are not mutually exclusive (Kaeberlein et al., 2005; Piper, 2006; Wei et al., 2008) .
The importance of Sir2 toward RLS was initially found indirectly through a screen for stress-resistant mutants that also extend RLS (Kennedy et al., 1995) . Several different mutants were isolated and the affected genes named UTH1 through UTH4. The uth2-42 mutation turned out to be a dominant allele of SIR4 that was The rDNA genes are organized as a large tandem array on the right arm of chromosome XII. Double-strand DNA breaks that occur at the replication fork block site in IGS1 (red x) are repaired through homologous recombination. In the absence of SIR2, the rDNA tandem array is destabilized, and unequal intrachromatid exchange results in the formation of extrachromosomal rDNA circles (ERCs), which are self-replicating and asymmetrically segregated into mother cells.
renamed SIR4-42 (Kennedy et al., 1995) . The SIR4-42 allele encodes a C-terminal truncation that specifically prevents recruitment of the SIR complex to HML, HMR, and telomeres (Kennedy et al., 1997) . Sir proteins released from these formerly silenced domains in the SIR4-42 mutant, including Sir2, are redistributed to the nucleolus/rDNA where rDNA silencing is subsequently strengthened and the frequency of rDNA recombination is reduced, thus extending RLS (Kennedy et al., 1997) . This redistribution of Sir proteins to the nucleolus also occurs in normal aging mother cells and likely causes the sterility of these old cells due to loss of silencing at HML and HMR (Smeal et al., 1996) .
The link between rDNA recombination and replicative aging was primarily centered on the formation of extrachromosomal rDNA circles (ERCs; Fig. 2c ). ERCs consist of individual or multiple rDNA genes that have been excised from the tandem array through homologous recombination, or more specifically, through unequal intrachromatid exchange. Each rDNA gene contains a functional ARS element within the IGS2 region, making ERCs self-replicating. However, as they do not have centromeres, ERCs act like typical ARS-containing plasmids that are asymmetrically segregated into mother cells during mitosis (Murray & Szostak, 1983; . This is caused by a septin-dependent lateral diffusion barrier between mother and daughter (Shcheprova et al., 2008) . ERCs are duplicated during each S-phase, resulting in exponential accumulation in older mother cells . Deleting SIR2 results in hyper-recombination within the rDNA (Gottlieb & Esposito, 1989) , thus increasing rDNA instability and ERC formation (Fig. 2c) . Furthermore, increasing SIR2 gene dosage suppresses rDNA recombination/ERC formation and extends RLS . The accumulating ERCs were originally thought to prevent further cell divisions by diluting the pool of proteins responsible for efficient DNA replication and maintenance ; however, more recent data have shown that rDNA instability in the mother cells is sufficient to limit RLS regardless of the absolute number of ERCs that are formed (Falcon & Aris, 2003; Ganley et al., 2009) . It has been proposed that nonfunctional DNA repair proteins could be preferentially segregated to aging mother cells, and damage in the mother's rDNA could then accumulate and perhaps lead to decreased quality in the ribosomes produced (Ganley et al., 2009) . Regardless of whether through ERC formation or a reduction in the quality of proteins produced from the rDNA itself, recombination and increased instability at the rDNA have a limiting effect on RLS. A central role for the rDNA in RLS regulation was recently confirmed by two traditional QTL genetic mapping studies of natural life span variation showing the SIR2 and rDNA loci to be major sources of variation (Stumpferl et al., 2012; Kwan et al., 2013) . This predominant role of rDNA in yeast life span regulation is further described in another review from this special FEMS Yeast Research issue (Kobayashi & Ganley, 2013) .
With rDNA instability being a major source of replicative aging in the yeast system, this can potentially cause problems when attempting to identify or study other sources of life span regulation (Kaeberlein et al., 2004) , or when studying Sir2-mediated processes outside of rDNA silencing or recombination suppression. For example, changes in rDNA recombination/instability can mask the phenotypes induced by other longevity gene mutations (Delaney et al., 2011) . Deletion of the FOB1 gene is typically used to suppress rDNA recombination (Defossez et al., 1999) . Fob1 binds to IGS1 of each rDNA gene, where it blocks rightward-moving DNA replication forks initiated at the origin in IGS2 from colliding with Pol I transcriptional machinery moving in the opposing direction (Kobayashi et al., 1998) . Blocked replication forks at this site in IGS1 induce double-strand DNA breaks that trigger rDNA recombination/instability. Deleting FOB1 prevents the fork blocks, thus acting to preserve rDNA stability, suppress ERC formation, and extend RLS (Defossez et al., 1999) . Conversely, deleting SIR2 or treating cells with NAM dramatically increases the frequency of rDNA recombination and significantly shortens RLS Bitterman et al., 2002) . Deleting FOB1 suppresses the short RLS of a sir2Δ mutant (Kaeberlein et al., 1999), although viewed differently, deleting SIR2 still suppresses the extended RLS of a fob1Δ mutant, strongly suggesting that Sir2 has additional functions in promoting longevity that are independent of the rDNA. One of these rDNA-independent functions for Sir2 in longevity is its role in the asymmetric segregation of oxidatively damaged proteins, mitochondria, and repair machinery between mother and daughter cells during mitosis (Aguilaniu et al., 2003; Erjavec & Nystrom, 2007; McFaline-Figueroa et al., 2011) . Accumulating oxidative damage has been known to negatively impact RLS (Nestelbachera et al., 2000; Laun et al., 2001) . Budding yeast's asymmetric cell division, in which certain components of the cell that limit RLS are kept within the mother cell, allows the daughter to retain full replicative potential Shcheprova et al., 2008) . This process is Sir2 dependent and appears to be independent of rDNA silencing (Aguilaniu et al., 2003; Orlandi et al., 2010) . Specifically, daughter cells inherit fewer ROS, higher levels of the cytosolic catalase Ctt1, and mitochondria with higher redox potential (Aguilaniu et al., 2003; Erjavec & Nystrom, 2007; McFaline-Figueroa et al., 2011) . Sir2 may facilitate this asymmetric inheritance by promoting actin-folding activity of the chaperonin CCT ring complex, potentially through direct deacetylation (Liu et al., 2010) . This, in turn, impacts the polarisomedependent retrograde transport of aggregates containing damaged cellular components away from the daughter cell (Liu et al., 2010) .
Sir2 and telomeres
In higher eukaryotes, telomere length plays a major role in regulating cellular senescence. The telomeres of primary cells such as fibroblasts that do not express telomerase become shorter during each cell division. Once telomeres become short enough, the cells reach a point of crisis (the Hayflick limit) and either senesce or occasionally repair the telomeres through a recombination-mediated alternative lengthening of telomere (ALT) mechanism that allows them to survive the crisis (Draskovic & Londono-Vallejo, 2013 ). Yeast telomerase is constitutively expressed, so the telomeres do not progressively shorten in mitotic cells, including aging mothers and their daughters (D'Mello & Jazwinski, 1991) . When telomerase is inactivated by mutations in subunits such as Est2, the telomeres do progressively shorten in mother and daughter cells, ultimately leading to widespread senescence within the population (Lundblad & Szostak, 1989; Lingner et al., 1997) . In a telomerase-deficient est2Δ rad52Δ mutant that can not repair its telomeres through homologous recombination, deleting SIR2 further accelerates senescence within the population (Maicher et al., 2012) . Mechanistically, the lack of Sir2 and resulting loss of telomeric silencing increase the transcription of noncoding TElomeric Repeat containing RNAs (TERRA), which has been proposed to somehow interfere with proper telomere maintenance (Maicher et al., 2012) .
The effect of SIR2 on telomere length and senescence of telomerase-deficient cells in a population should not be confused with the role of SIR2 in mother cell RLS. A separate telomere-related function for Sir2 in mother cell RLS has been discovered. Sir2 protein levels drop significantly in aging mother cells, and this decrease correlates with dramatically increased H4K16 acetylation and loss of silencing at specific X core (XC) subtelomeric regions, more so than the increase observed at silenced rDNA Sir2 target regions (Dang et al., 2009) . SAS2 encodes an H4K16 acetyltransferase that counteracts Sir2-mediated H4K16 deacetylation (Suka et al., 2002) . A sas2Δ mutant shows reduced H4K16 acetylation at telomeric XC domains and extends RLS. H4K16Q or H4K16R mutations also shorten RLS in a fob1Δ background, suggesting their effects on life span are occurring independent of ERCs or rDNA instability (Dang et al., 2009) . The mechanism by which Sir2-dependent H4K16 deacetylation promotes RLS remains unclear, and additional nontelomeric domains could also be involved. Indeed, Sir2, Sir3, and Sir4 have been shown to associate with numerous loci outside the typical silenced domains in yeast (Lieb et al., 2001; Dubarry et al., 2011; Radman-Livaja et al., 2011; Li et al., 2013) . Perhaps some of the telomererelated activity of Sir2 in RLS could be related to its recruitment to telomeres via the cohibin complex, which was originally defined for its function in maintaining rDNA stability (Huang et al., 2006) . However, cohibin also associates with subtelomeric regions where it contributes to Sir2 recruitment and telomere stability (Chan et al., 2011) . Cohibin mutants interfere with localization of telomeres toward the nuclear periphery and shorten life span even when the rDNA is stabilized by deletion of FOB1 (Chan et al., 2011) . Similarly, the mediator complex associates with telomeres, and knocking out specific subunits required for the telomere association results in a shift of the boundary between Sir2 and Sas2 such that telomeric H4K16ac levels are increased, silencing is decreased, and RLS is decreased (Zhu et al., 2011) . There is significant competition for a limiting amount of Sir2 between telomeres and the rDNA (Smith et al., 1998) . The telomere regulatory protein Rif1 was recently shown to help maintain a proper balance in Sir2 levels at rDNA for RLS by preventing excessive recruitment to telomeres and the HM loci (Salvi et al., 2013) .
Sirtuin regulation by NAD + metabolism
As mentioned above, the sirtuins are NAD + -dependent protein deacetylases, which potentially make their activity sensitive to changes in the intracellular NAD + concentration. In yeast, NAD + is synthesized from tryptophan and the three vitamin precursors of NAD + , nicotinic acid (NA), NAM, and nicotinamide riboside (NR; Fig. 3 ). NAD + homeostasis is maintained by a combination of biosynthesis and salvage pathways and balanced secretion/ import of the vitamin precursors (Belenky et al., 2011; Lu & Lin, 2011) . In the absence of any vitamin precursors in the growth medium, NAD + is synthesized de novo from tryptophan using the Bna1-Bna6 proteins (Kucharczyk et al., 1998) , which ultimately produce nicotinic acid mononucleotide (NAMN). The NAMN is then adenylated by the redundant NA/nicotinamide adenylyltransferases Nma1 or Nma2 to generate nicotinic acid adenine dinucleotide (NaAD) (Anderson et al., 2002) , followed by conversion to NAD + by the NAD synthetase (Qns1) (Bieganowski et al., 2003; Suda et al., 2003) . NA is imported from the growth medium by the NA permease Tna1 and then converted by nicotinic acid phosphoribosyltransferase (Npt1) into NAMN, thus merging with the last two steps of the de novo pathway (Fig. 3) . This is historically known as the Preiss-Handler pathway. In commonly used yeast growth media containing NA as the vitamin precursor, Npt1 is the rate-limiting step for NAD + production, and deleting NPT1 results in a two to threefold reduction in the intracellular NAD + concentration (Lin et al., 2000; Smith et al., 2000) . This decrease in NAD + is sufficient to inhibit Sir2 function in transcriptional silencing and shorten RLS (Smith et al., 2000; Sandmeier et al., 2002; Belenky et al., 2007) NR is imported by the thiamine/NR transporter Nrt1 (Belenky et al., 2008) and then phosphorylated by nicotinamide riboside kinase (Nrk1) to produce nicotinamide mononucleotide (NMN), which is adenylated by Nma1 or Nma2 to produce NAD + (Bieganowski & Brenner, 2004) . Supplementing YPD or SC medium with NR suppresses the short RLS and transcriptional silencing defects of an npt1Δ mutant by restoring normal NAD + concentration (Belenky et al., 2007) . NR can also be degraded into NAM by several nucleoside hydrolases and phosphorylases (Belenky et al., 2007) . The nicotinamidase Pnc1 scavenges any NAM generated by NR hydrolysis, sirtuin activity, or other NAD + -consuming reactions by deamidating it into NA. This not only prevents the accumulation of NAM to high concentrations that could inhibit sirtuins, but also pushes it into the Preiss-Handler pathway to be recycled into NAD + via Npt1 (Anderson et al., 2003b; Gallo et al., 2004) . High NAM concentrations (5 mM) in the growth medium are inhibitory for sirtuin activity and result in shortened RLS that is similar to the effects of a sir2Δ mutant (Bitterman et al., 2002) . Overexpressing PNC1 suppresses this inhibition by detoxifying the NAM through deamidation (Gallo et al., 2004) , and PNC1 overexpression extends RLS even when NAM is not added to the growth medium (Anderson et al., 2003b) , probably because of its dual role in promoting flux through the Preiss-Handler pathway and preventing NAM accumulation. The downstream effect is most likely Sir2-mediated enhancement of rDNA silencing and stability, although other Sir2-and sirtuin-dependent processes could certainly also be at play.
Sir2 and caloric restriction (CR)
CR is a dietary regimen defined by reducing an organism's calorie intake while maintaining proper nutrition and has been shown to extend the life span of almost all model organisms in which it has been tested. In Fig. 3 S. cerevisiae, CR is typically modeled by reducing glucose concentration in the growth medium from the standard nonrestricted 2% (NR) to 0.5% (moderate CR) or 0.05% (extreme CR). Below 0.05% glucose, yeast cell growth is significantly impaired, so RLS cannot be easily tested. CLS assays monitor the viability of nondividing cells, so even water can be used to represent extreme CR (Fabrizio et al., 2005 ). An early study from the Guarente laboratory (Lin et al., 2000) showed that SIR2 was required for the extension of RLS when CR was genetically mimicked by deleting hexokinase (hxk2Δ), which reduces the entry of glucose into glycolysis. Impairing the Ras/cAMP/PKA signaling pathway that responds to changes in glucose levels also extended RLS (Lin et al., 2000) . SIR2 deletion was initially shown to block the extension of RLS induced by moderate CR in a fob1Δ mutant (Lin et al., 2002) , but later studies found that SIR2 was not required for the extension, especially during extreme CR (Kaeberlein et al., 2004) . Inhibition of the TOR signaling pathway either through deletion of TOR1 or by low doses of rapamycin also extends RLS (Kaeberlein et al., 2005) . However, this pathway appears to work on life span through effects on ribosome maturation and translation, rather than through Sir2. While Sir2 may not be absolutely required for the RLS extension by CR or attenuation of nutrient signaling pathways, it could still potentially play a role. For example, nutrient deprivation or rapamycin inhibition of TOR signaling results in condensin association with the rDNA (Tsang et al., 2007) , as well as increased Sir2 binding to the rDNA (Ha & Huh, 2011) . This becomes intriguing because Sir2 and Hst1 were recently shown to be required for efficient condensin loading onto various chromatin targets, including the rDNA (Li et al., 2013) , raising the question of whether Sir2-directed chromatin structural conformations could be involved in life span regulation. CR is considered a form of nutrient stress, and like inhibition of the various nutrient signaling pathways linked to RLS extension (cAMP/PKA, TOR, Sch9), it also results in upregulation of Pnc1 from the NAD + salvage pathway (Anderson et al., 2003b; Medvedik et al., 2007) . Furthermore, PNC1 is required for the RLS extension induced by CR (Anderson et al., 2003b) . PNC1 and other stress-induced genes are activated by the transcription factors Msn2 and Msn4 (Medvedik et al., 2007) . CR and the other stresses such as TOR inhibition appear to shuttle Msn2/4 into the nucleus where they activate PNC1 expression, among many other genes. Increased Pnc1 in this context has been proposed to stimulate Sir2 activity by reducing the intracellular NAM concentration, or alternatively, by increasing flux through the NAD + salvage pathway (Anderson et al., 2003b; Medvedik et al., 2007) . Consistent with this model, Msn2/4 is also activated in response to inhibition of the mitochondrial translation control module, which extends RLS in a Sir2-dependent manner (Caballero et al., 2011) . Importantly, PNC1 was required for this RLS extension even in the absence of respiration, and rDNA silencing was enhanced.
The role that upregulation of the NAD + salvage pathway plays in activating sirtuins during CR has been debated. For example, PNC1 upregulation during moderate CR is not always observed, yet this condition extends RLS. Some laboratories have shown that growing cells in 0.5% glucose is sufficient to increase Pnc1 levels, while others do not see an increase in Pnc1 unless glucose levels are reduced to 0.1% and lower (extreme CR) (Anderson et al., 2003a, b; Rahat et al., 2011) . In addition, CR was still able to extend RLS in a pnc1Δ mutant when NAM was cleared through an independent mechanism (Lin et al., 2004) , suggesting the existence of a NAM-independent (and presumably Sir2-independent) mechanism of life span extension. The most popular alternative model has been modulation of the NAD + /NADH ratio. During exponential growth in glucose-containing media, S. cerevisiae primarily ferments the glucose into ethanol, even in the presence of oxygen. As glucose becomes depleted, the cells undergo a massive reconfiguration of their transcription profile and metabolism toward ethanol/acetate utilization and mitochondrial respiration, a process called the diauxic shift (Gray et al., 2004) . This change prepares the cells for survival during extended periods of time in stationary phase (the chronological lifespan). Moderate CR increases the expression of genes involved in respiration (Lin et al., 2002; Rahat et al., 2011) and increases the rate of respiration (Lin et al., 2002) . More recently, yeast grown under moderate CR were shown to undergo the shift to respiration earlier and more efficiently than yeast grown in nonrestricted conditions (Tahara et al., 2013) , suggesting they are better primed for survival. The transition to respiration results in an increase in the NAD + /NADH ratio by lowering the concentration of NADH without altering the overall level of NAD + (Lin et al., 2002) . While NADH is a relatively weak inhibitor of Sir2 activity, the increased NAD + / NADH ratio has been proposed to stimulate Sir2 activity by relieving NADH inhibition (Lin et al., 2004) . This view is supported by the observation that CR does not extend RLS when the malate-aspartate NADH shuttle is defective and unable to balance the NAD + /NADH ratio between the mitochondrial and cytosolic/nuclear pools, while overexpressing shuttle components extends RLS (Easlon et al., 2008) . Additionally, raising the NAD + /NADH ratio through overexpression of alcohol dehydrogenase, ADH1, also extends RLS (Reverter-Branchat et al., 2007) .
Not all data directly supports this NAD + /NADH model of sirtuin activation during CR. Other laboratories have found that in vitro, NADH does not exert enough of an inhibitory effect on Sir2 activity to be physiologically relevant without altering the concentration of NAD + (Schmidt et al., 2004) . Steady-state NAD + levels were also found to decrease during CR, as compared to nonrestricted yeast (Anderson et al., 2003a; Evans et al., 2010) . However, it is still possible that CR leads to a greater flux through the NAD + salvage pathways, which has been proposed to enhance Sir2 function without measurably changing NAD + levels (Anderson et al., 2002; Sandmeier et al., 2002) . Alternatively, specific NAD + biosynthesis intermediates, rather than NAD + directly, could be changed in certain cellular compartments where sirtuins are active. Consistent with this hypothesis is the observation that NAMN levels are higher in CR yeast (Evans et al., 2010) . Further emphasizing the importance of flux in the NAD + biosynthesis pathways in activating Sir2, the RLS of cells unable to utilize endogenous NR is not extended by CR . This result could also potentially indicate the importance of maintaining NAD + homeostasis for RLS. The NAM analogue isonicotinamide (INAM) promotes NAD + homeostasis when added to the growth medium at high concentrations, especially during the diauxic shift (McClure et al., 2012) . Similar to NR, INAM also suppresses the short RLS of an npt1Δ mutant.
While the Pnc1 and NAD + /NADH models for Sir2-mediated RLS extension are attractive, there is considerable evidence of Sir2-independent mechanisms at play. Analysis of rDNA and telomeric silencing concluded that Sir2 activity at these locations was not enhanced by CR growth conditions (Riesen & Morgan, 2009; Smith et al., 2009) . Additionally, there have been several studies where sir2Δ did not prevent CR-mediated RLS extension, either with moderate or with extreme CR (Jiang et al., 2002; Kaeberlein et al., 2004) . It has been argued that the SIR2-independent life span extension by CR is due to partial redundancy with HST2 and HST1 (Lamming et al., 2005) , but other studies found that a strain lacking all five sirtuins still lived longer with moderate or extreme CR conditions Tsuchiya et al., 2006) . In hindsight, the existence of SIR2-independent mechanisms for CR-mediated life span extension was probably not unexpected, especially given the complexity of aging. For example, mutations in the dihydrolipoamide acetyltransferase E2 subunit of the mitochondrial pyruvate dehydrogenase complex are required for CR-induced RLS extension independent of Sir2 (Easlon et al., 2006) .
Sir2 and CLS
While Sir2 has an anti-aging role in RLS, most evidence thus far has pointed toward a pro-aging role in CLS. Depending on the strain background, sir2Δ either has no effect or modestly increases CLS when cells are grown in YPD or SC medium (Fabrizio et al., 2005; Smith et al., 2007; Wu et al., 2011) . SIR2 is also not required for CRinduced CLS extension when cells age chronologically in their expired growth medium (Smith et al., 2007) . When cells are transferred to water after reaching stationary phase, they have a long CLS (considered an extreme form of CR), and deleting SIR2 dramatically extends life span even more (Fabrizio et al., 2005) . Similar extreme CLS extension is observed when sir2Δ is combined with sch9Δ or Ras/cAMP/PKA mutations that reduce nutrient signaling (Fabrizio et al., 2005) . Given that both of these pathways extend CLS through the activation of stress response genes (Wei et al., 2008) , it is possible that Sir2 may prevent full CLS extension by partially repressing these same genes. This would be consistent with the observation that sir2Δ also confers greater resistance to oxidative and heat stresses (Fabrizio et al., 2005) .
Although the exact mechanisms remain unclear, the accumulation of acetic acid and ethanol in the media of aging yeast cultures can decrease CLS (Fabrizio et al., 2005; Burtner et al., 2009) . Sir2 has been found to play a role in decreasing the rate of consumption of these two substrates through regulation of the alcohol dehydrogenase Adh2 (Fabrizio et al., 2005) , as well as the deacetylation and subsequent inactivation of phosphoenolpyruvate carboxykinase (Pck1) Casatta et al., 2013) . In short, the loss of Sir2 activity pushes cellular metabolism from glycolysis toward gluconeogenesis and glycogen and trehalose production during chronological aging (Casatta et al., 2013) . Both of these pathways contribute to the survival by increasing stress resistance of the nondividing cells and allowing them to quickly reenter mitosis upon reintroduction of nutrients to the media (Gray et al., 2004; Shi et al., 2010) .
CLS is notoriously susceptible to variations in strain and media conditions (Fabrizio et al., 2005; Burtner et al., 2009; Matecic et al., 2010) . For example, despite clear evidence of a pro-aging role for Sir2 during postmitotic aging in standard laboratory growth media and water, deleting SIR2 was recently found to actually shorten CLS when cells are grown under wine making conditions in grape juice (Orozco et al., 2012) , which is probably a more natural growth substrate. Consistent with this idea, our laboratory recently discovered that Sir2 and Hst1 collaborate to repress glycolytic and fermentation genes during onset of the diauxic shift (Li et al., 2013) . In the absence of SIR2 and HST1, glucose fermentation genes such as pyruvate decarboxylase (PDC1) fail to be efficiently repressed with the proper timing. The genes are eventually repressed in stationary phase, but they may not be properly primed for longterm survival. Therefore, the effect of deleting SIR2 on CLS appears to depend on how the cells have been grown and in what medium. Sir2 acts in concert with Hst1 to regulate such key metabolic genes during the diauxic shift (Li et al., 2013) , making it possible that simple singlegene knockout experiments are insufficient to determine the full extent of Sir2's role in chronological aging.
Other yeast sirtuins and their effects on aging
In addition to Sir2, there are four other members of the sirtuin protein family in S. cerevisiae: Hst1, Hst2, Hst3, and Hst4. All five share a similar core domain required for the NAD + -dependent deacetylation reaction, but the variation among their terminal domains allows for differences in their specific functions, protein interactions, and cellular localizations (Brachmann et al., 1995) . Hst1 forms a complex with Sum1 and Rfm1 to repress transcription of specific genes by deacetylating histones at their promoters (Xie et al., 1999; McCord et al., 2003) . Some of the specific genes known to be regulated by this Sum1 complex include meiosis genes containing middle sporulation elements (MSE), genes involved in NAD + biosynthesis, as well as genes involved in thiamine biosynthesis (Xie et al., 1999; Bedalov et al., 2003; McCord et al., 2003; Li et al., 2010) . From ChIP-seq analysis, Hst1, Sum1, and Sir2 bind to the open reading frames and repress multiple genes involved in glycolysis, glucose fermentation, and translation (Li et al., 2013) . Strains lacking Hst1 do not properly repress these genes during the diauxic shift, which could be related to the slightly shorter CLS of an hst1Δ mutant (Smith et al., 2007) . Strains lacking HST1 or SUM1 also upregulate the de novo NAD + biosynthesis genes, which raises the intracellular NAD + concentration (Bedalov et al., 2003) . This effect on NAD + homeostasis could potentially impact RLS or CLS under certain growth conditions, although it has not yet been demonstrated. Finally, Hst1 has been shown to weakly suppress rDNA recombination in response to CR when SIR2 and HST1 are deleted (Lamming et al., 2005) .
Hst2 is the only primarily cytosolic yeast sirtuin (Perrod et al., 2001) . It contains a leucine-rich nuclear export sequence that causes it to be actively excluded from the nucleus by action of the exportin Crm1 (Wilson et al., 2006) . However, overexpression of Hst2 leads to decreased Sir2-dependent silencing at telomeres, as well as increased silencing and reduced recombination at the rDNA (Perrod et al., 2001; Lamming et al., 2005) . Hst2 may compete with Sir2 for another factor that is necessary for telomeric silencing, and decrease in the telomeric Sir2 pool would result in an increased presence at the rDNA (Perrod et al., 2001) . Not all of the observed decrease in the rate of recombination by HST2 overexpression can be attributed to increased Sir2 at the rDNA. In some strains, CR can still extend RLS and reduce recombination at the rDNA even with sir2Δ fob1Δ (Kaeberlein et al., 2004) . Deleting HST2 in addition to SIR2 and FOB1 prevents CR from extending RLS and reducing rDNA recombination (Lamming et al., 2005) . However, this does not hold true for extreme CR (0.05% glucose), which appears to extend RLS through alternative sirtuinindependent mechanisms .
In the cytoplasm, Hst2 may play a role in CLS through its association with another nuclear histone deacetylase Hos2 and various stress-related proteins during stationary phase (Liu et al., 2012) . After cells have ceased dividing, these proteins assemble into stationary phase granules (SPGs) that can be quickly dispersed upon the addition of new nutrients. Although hst2Δ does not appear to have an effect on CLS, hos2Δ decreases CLS and prevents cells from reentering mitosis from stationary phase upon the addition of nutrients (Liu et al., 2012) . The precise role Hst2 may be playing with Hos2 and other proteins in these SPGs and their resulting impact on regulation of cellular quiescence are unclear at this time (Liu et al., 2012) .
Hst3 and Hst4 have somewhat redundant roles in stabilizing the genome during the cell cycle (Brachmann et al., 1995; Celic et al., 2006) . Cells lacking both HST3 and HST4 are unable to progress normally through the cell cycle (Brachmann et al., 1995) . This is primarily due to hyperacetylation of H3K56, the target of Hst3 and Hst4 deacetylation (Celic et al., 2006; Maas et al., 2006) . Hyperacetylation of H3K56 due to a lack of Hst3 and Hst4 leads to increased thermo-sensitivity and genotoxic stress susceptibility as well as higher level of spontaneous DNA damage (Brachmann et al., 1995; Celic et al., 2006) . These effects can be rescued by also knocking down Asf1, the chaperone responsible for depositing acetylated histones, or by genetically altering H3K56 to an arginine (Celic et al., 2006) . Consistent with their overall increased genomic instability, hst3Δ hst4Δ yeast display silencing defects at telomeres and increased recombination at the rDNA (Brachmann et al., 1995; Ide et al., 2013) . Hst3 is the predominant H3K56 deacetylase, and hst3Δ mutants have a shortened RLS . While RLS of an hst4Δ mutant is close to normal, an hst3Δ hst4Δ double mutant has a very short RLS reflective of its poor overall viability and genomic instability . Interestingly, Hst3 and Hst4 appear to be more resistant to NAM than Sir2 or Hst1, as it takes 25 mM NAM to phenocopy an hst3Δ hst4Δ mutant .
The overall effects of deleting HST3 and HST4 on CLS are similar to the effects on RLS. An hst3Δ mutation decreases CLS, while an hst4Δ mutation has little effect (Smith et al., 2007) . Surprisingly, reducing H3K56ac by deleting ASF1 and the H3K56 acetyltransferase gene RTT109 has no effect on CLS (Hachinohe et al., 2013) . Instead, the decreased CLS of hst3Δ hst4Δ cells is most likely due to an observed change in glucose metabolism. Reducing gluconeogenesis without impacting the rate of glycolysis by deleting TDH2 (glyceraldehyde-3-phosphate dehydrogenase/GAPDH) suppressed the short CLS of the hst3Δ hst4Δ mutant (Hachinohe et al., 2013) . Like Sir2 deacetylation of Pck1, perhaps Hst3 and Hst4 also have nonhistone targets that participate in glucose metabolism. A clear take-home message up to this point in yeast sirtuin research is that all five yeast enzymes impact life span one way or another, and future work on identifying additional deacetylation targets, both chromatin and nonchromatin, is critical.
Conclusions
The discovery of Sir2 as an NAD + -dependent histone deacetylase energized the aging research field because it provided a mechanistic link between a known longevity factor (in yeast at the time) and metabolism. Since then, sirtuins in more complex eukaryotes (e.g. mammals) have been found to deacetylate and regulate numerous nonhistone proteins related to age-associated disease. As described in this review, most Sir2 research in yeast has focused on its role as a histone deacetylase, especially in transcriptional silencing and maintaining rDNA stability. Sir2 and the other yeast sirtuins also likely deacetylate numerous nonhistone proteins, as there are a large number of acetylated proteins in yeast (Henriksen et al., 2012) , including many proteins involved in intermediary metabolism, just as in mammals. Furthermore, genetic and physical interaction maps have identified a 'metabolism-centric' Sir2 interaction network, highlighting the integration of Sir2 with metabolism (Ralser et al., 2012) . The identification of Sir2 and Hst1 regulation of glycolysis and ribosomal protein genes during the diauxic shift parallels similar findings for mouse SIRT6 (Zhong & Mostoslavsky, 2010; Li et al., 2013) , suggesting metabolism as an emerging area of conservation for sirtuin activity between yeast and mammals. Yeast will surely remain a powerful model system for further elucidating these connections to aging.
